The International Commission on Radiological Protection (ICRP) described its approach to the protection of the environment and how it should be applied in Publication 124. The report expanded on the Commission's objectives for environmental protection, and how the Derived Consideration Reference Levels (DCRLs) apply within different exposure situations. DCRLs relate radiation effects to doses over and above their normal local background radiation levels, and consider different potential pathways of exposure for animals and plants. This paper will describe how the DCRLs may be used within existing exposure situations to better understand the potential impacts on animals and plants. In these circumstances, the Commission recommends that the aim be to reduce exposures to levels that are within the DCRL bands (or even below, depending upon the potential cost/benefits), but with full consideration of the radiological and non-radiological consequences of doing so. Using examples, this paper will demonstrate how this may be achieved in practice, bearing in mind the potential exposure of humans, animals and plants during and following any remediation attempted.
INTRODUCTION
The International Commission on Radiological Protection (ICRP) recommendations on the framework for radiological protection recognise three exposure This paper does not necessarily reflect the views of the International Commission on Radiological Protection. situations, and apply the fundamental principles of justification and optimisation of protection (ICRP, 2007) . The three exposure situations are as follows.
. Planned exposure situations -exposure situations resulting from the operation of deliberately introduced sources. Planned exposure situations may give rise to exposures that are anticipated to occur (normal exposures) and exposures that are not anticipated to occur (potential exposures). . Emergency exposure situations -exposure situations resulting from a loss of control of a planned source, or from any unexpected situation (such as a malevolent event), that requires urgent action in order to avoid or reduce undesirable exposures. . Existing exposure situations -exposure situations resulting from sources that already exist when a decision to control them is taken.
These recommendations have been followed substantially in the International Basic Safety Standards by the International Atomic Energy Agency (IAEA, 2014) . This includes recognition of the same three exposure situations, although with some differences in definitions and descriptions. In particular, an existing exposure situation is defined in ICRP (2007) as a situation '. . . that already exists when a decision on control has to be taken'. In IAEA (2014) , an existing exposure situation is defined as a situation 'that already exists when a decision on the need for control needs to be taken'. It is further noted that 'Existing exposure situations include situations of exposure to natural background radiation.' Furthermore, they include situations of exposure due to residual radioactive material that derives from past practices that 'were not subject to regulatory control or that remain after an emergency exposure situation'. The latter circumstances are commonly referred to as 'legacies' (IAEA, 2002) .
In Paragraph 1.21, IAEA (2014) states that 'The descriptions of the three types of exposure situation are not always sufficient to determine unequivocally which type of exposure situation applies for particular circumstances. For instance, the transitions from an emergency exposure situation to an existing exposure situation may occur progressively over time; and some exposures due to natural sources may have some characteristics of both planned exposure situations and existing exposure situations. ' In Publication 124, ICRP (2014) described its objectives in relation to protection of the environment through the protection of animals and plants (wildlife) using the Derived Consideration Reference Levels (DCRLs), which were first described in Publication 108 (ICRP, 2008) . The DCRLs relate radiation effects on a selected set of 12 Reference Animals and Plants (RAPs) to different potential pathways of exposure over and above the normal background natural radiation levels. Publication 124 goes on to explain how the DCRLs may be used in the three different types of exposure situations to which its recommendations apply, while considering the key principles that are relevant to protection of the environment. Importantly, the approach described indicates the appropriate level of effort relevant to different exposure situations.
For existing exposure situations, ICRP (2014) recommends that the aim be to reduce exposures to levels that are within the DCRL bands for the relevant populations ( Fig. 1) , with full consideration of the radiological and non-radiological consequences of doing so. If dose rates are within the bands, ICRP believes that consideration should be given to reduce exposures, provided that the costs and benefits are such that further efforts are warranted.
Below, examples of recent assessments and decisions on how to control existing exposure situations are used to explore the ICRP approach for environmental protection to be applied. Consideration is given to how the knowledge of whether the dose rates for wildlife are above, or in the relevant DCRL band can be used to help with decision making, and what controls (if any) should be applied for both human and environmental radiological protection.
EXISTING EXPOSURE SITUATIONS
As a result of evolving standards and/or because new information can come to light about past activities, new forms of legacy sites continue to be recognised, including sites associated with processing and the use of naturally occurring radioactive material (NORM). According to the above definitions, these can be considered as existing exposure situations, but noting the comments in Gonzalez et al. (2013) , the level of contamination has to be sufficient to be of safety or protection significance, and thereby warrant regulatory attention before the question of exposure situation arises. However, there are issues here that this cannot be known until the circumstances have been investigated. At this stage, the completion of an investigation is therefore a matter of urgency. The circumstances will require decisions to be made on the need for control regarding the implementation of the investigation, and any interim safety and protection measures. Practically speaking, these decisions need to be made to address the possible health and protection issues, and to address the wider concerns of those affected. The nature of the decisions may be complicated by the existence of other contaminants and hazards falling within the responsibility of other regulators, as discussed in Ko¨nig et al. (2014) .
Regulating the path from legacy recognition, through recovery to release from regulatory control, is discussed further in Sneve and Smith (2014) where account was taken for the nature of different types of legacy, and the corresponding nature of the different types of exposure that may occur. The following major groups of legacies have been identified in the past:
. sites affected by major accidents and incidents;
. inadequate storage and disposal sites and facilities;
. NORM and uranium mining and milling facilities;
. nuclear technology and development centres; and . former nuclear peaceful and weapons testing sites.
These groupings cover the range of legacies identified in IAEA (2002) , and may be readily associated with existing exposure situations once the end of any emergency situation has been recognised. The important distinguishing features from a radiological protection and regulatory perspective are as follows.
. The radionuclides involved in all cases are relatively long-lived; otherwise, there is no continuing issue to address. Some legacies are manageable within a socially acceptable timeframe without need for off-site disposal, while others require consideration of disposal off-site. . Some legacies involve large areas and volumes of material contaminated at levels that attract regulatory attention, while others are small. . Large legacies are not usually very radiologically hazardous to individuals, but have the potential to affect numerous people; however, small legacies may present a serious hazard if associated with high levels of activity, although in that case, only a small number of people may be affected. When considering environmental protection, similar issues may arise with respect to the wildlife. . Some legacies predominantly involve radioactivity at the surface, which is relatively easy to measure, but others are the opposite, or involve radionuclides which are not easy to detect. . Some legacies involve many different radionuclides with different radioactive, chemical, and physical properties; others, in contrast, may only have one or a few radionuclides, which are then easier to analyse. . Some legacies involve physical and chemical hazards, while others only present a radiological hazard. . Some legacies have a linked social or political legacy, which can complicate any decision-making processes.
This background underpins and informs the following assessments of impacts on the environment at legacy sites, and the interpretation of the results in a regulatory context.
CASE STUDY 1: WASTE STORAGE SITE REMEDIATION
Andreeva Bay is a site for the temporary storage (STS) of spent nuclear fuel and radioactive waste. Despite its current use, it is a major nuclear legacy site, which is also being remediated in the north-west of Russia (Shandala et al., 2008) . As part of a regulatory cooperation programme between the Federal Medical and Biological Agency of Russia and the Norwegian Radiation Protection Authority, a project has been set up to investigate the possible impact of radioactive contamination on representative animals and plants in the STS area. The objective was to determine whether the criteria, based primarily on the protection of humans, set out in Shandala et al. (2008) for the range of proposed remediation options would be sufficient to meet protection objectives for the environment as represented by ICRP's DCRLs.
To facilitate the assessment, the dose rates to representative species of animal and plants were determined. The representative species were identified in line with the recommendations made in ICRP (2014), and are a set of locally relevant species of fauna and flora including:
. 'motley grass';
. squat birch (Betula humilis);
. earthworm (Lumbricidae spp.);
. moor frog (Rana arvaiis); and . Norwegian lemming (Lemmus lemmus).
These are typical of the region, live directly at the industrial site, and are readily categorised within the RAP scheme.
Monitoring of the radiation situation at the STS has shown a general decreasing trend with time, although radiation dose rates may rise from time to time due to inbuilding remediation work, which involves changes in shielding arrangements. The contamination levels are dominated by Sr-90 and Cs-137, and the levels vary significantly across the site (Shandala and Kiselev, 2014) . Table 1 presents the extant regulatory dose constraints for people for each remediation option proposed, taken from Shandala et al. (2008) , together with concentrations of Sr-90 and Cs-137 in soil that correspond to the dose constraints applied. It is recognised that reference levels could be considered in this context, but given that the context involves rehabilitation of the previously occupied land as described in Chapter 1, it could also be considered as a planned situation. In any case, the then-extant Russian requirements were set out in terms of constraints. Note that the option of conservation implies continued exclusion of the public from all of the STS area; conversion implies that the public are allowed access to the site supervision area surrounding the main industrial areas of the site, which are designated the 'controlled area' and the 'health protection area'. The conversion factor from dose constraint to soil concentration is different for the various exposed groups because of the difference in exposure modes.
The ERICA assessment tool (Brown et al., 2008) was used to convert the activity concentrations in soil shown in Table 1 into wildlife dose rates. These are presented in Table 2 , alongside the corresponding DCRLs. In some cases, the dose rates corresponding to the dose constraints exceed the DCRLs. In addition, actual measurements in limited areas of the site suggest that the DCRLs are exceeded locally, although it should also be noted that the contamination is patchy. Bearing this in mind, further site investigations and research are in progress. This work is designed, as part of a wider programme, to support regulatory development in the Russian Federation, and to give explicit recognition of the need to demonstrate protection of the environment. Additional information on the assessment and continuing work is available in Filonova (2015) .
Despite the continuing investigations, it should be noted that the populations of potentially affected wildlife are limited to those living on the STS. These on-site populations are substantially more adversely affected by the building and construction work that is ongoing at the site. If there was an overriding interest in protecting these populations of fauna and flora, this impact would be of substantially greater significance. However, it should be noted that the same wildlife species live in extensive areas adjacent to the site that are neither materially affected by contamination nor the industrial works, so the impact on the population as a whole is significantly limited. Consequently, the provisional conclusions are that the current protection measures taken at this site and within the existing remediation criteria are sufficient to meet protection objectives for the environment as represented by ICRP's DCRLs given the wider population. It is important to remember that if these species were localised to the STS, the situation could be different. Several factors should also be considered more widely when interpreting the above results in the context of existing exposure situations. Firstly, the regulatory dose constraints were set at a time when there were no Russian documents to regulate issues of remediation of radioactively contaminated areas relating to existing (Shandala et al., 2008) ; it should be noted that all the constraints are within respective dose limits. Secondly, the exposures to the fauna and flora at the site are likely to continue for long periods of time, covering the life span of several, or more, generations of the relevant species, and we are still learning about the consequences of long-term transgenerational exposures of wildlife. This would be typical for many legacy situations as discussed above, including residual materials arising from inadequate disposal facilities licensed prior to the application of modern standards; for example, in accordance with standards in IAEA (2014) and more specific guidance and recommendations on solid waste disposal (IAEA, 2011; ICRP, 2013) , but which precede IAEA (2014). Furthermore, given the variation of contamination across the site, the potential long timeframe for contamination to be present, and the presence of similar populations of the same species in areas adjacent to the site, it is appropriate to consider relevant temporal and spatial averaging to be adopted in determining the dose rate for comparison with the DCRLs, as discussed in BIOPROTA (2015). Here, a critical review has been made of international programmes and associated literature, which has allowed the rationale for addressing spatial and temporal scales within both human and wildlife dose assessments to be evaluated. A key issue arising from this review is to have a clear idea of the populations of species of interest; otherwise, the appropriate spatial averaging cannot be made, leading to possible over-or under-estimation of the possible impacts.
CASE STUDY 2: CONSEQUENCES OF PAST RELEASES OF RADIOACTIVITY
As part of radioecological and other research to support regulatory supervision of remediation of areas affected by historic releases of radionuclides from the Mayak Production Association (PA) nuclear complex, investigations have been carried out on the status of fish species in the Techa River (Pryakhin et al., 2014) .
Within the period from 1949 to 1956, industrial low-level radioactive waste was released into the Techa River and associated wetland in Chelyabinsk Oblast, Russia. Over the whole period, 7.6E7 m 3 of effluents were discharged with total activity of approximately 1.1E17 Bq. Fish represent one of the groups of aquatic animals that are most sensitive to the impact of a wide range of adverse environmental factors, including radioactive contamination. Between 2011 and 2013, research was conducted into the status of the fish species of the Techa River due to long-term exposure to radionuclides. Sampling was performed twice per year (in May during spawning and in August during feeding) at three sampling stations with different levels of radioactive contamination: in the upper reaches (RT1), middle reaches (RT2), and low reaches (RT3) of the river. At each station, samples of water, bottom sediments, zooplankton, zoobenthos, algae, and fish (roach, perch and pike) were collected. Cs-137, Sr-90 and H-3 were determined in all samples. The following parameters were measured in each fish specimen: weight and size of the body, age, sex, fin colour, sperm motility during spawning, and morphometric parameters. Haematologic, cytogenetic, and cytologic investigations of the studied fish specimens were also conducted. In spring, sperm samples were taken from male fish at RT1 and in Miass River as a control for the determination of sperm motility (Fig. 2) .
The ERICA assessment tool (Brown et al., 2008) was used to calculate the absorbed dose rate in the fish, assuming equilibrium distribution of radionuclides in the organisms and in the surrounding media.
Radiation exposure, with a dose rate up to 220 mGy d À1 for fish in the spawning period, was correlated with a dose-dependent reduction in the number of cells in peripheral blood (URCRM, 2014) . Such changes were most pronounced in pike and roach. Other biological effects observed that could be associated with radiation exposure were: decreased sperm cell motility; changes in fin colouration; increases in the frequency of trypanosome invasion, which can indicate a decrease in the immunological reactivity of the fish; and changes in the body shape of perch.
Those fish species for which radiation-induced effects occurred within the contaminated waterways were identified as representative species for the purposes of the assessment. The representative species for evaluation of cytogenetic effects and cellular DNA damage is roach, the representative species for registration of radiationinduced reduction in the number of cells in peripheral blood are pike and roach, and the representative species for evaluation of radiation-induced physiological changes manifested as change of fin colouration is perch. The average concentration of Cs-137 in the studied fish species in the location of settlements on the Techa River does not exceed the standard values according to SanPiN 2.3.2.1078-01, the current Russian regulatory standard. The content of Sr-90 throughout the studied area of the Techa River exceeds the maximum permissible standard values of the radionuclide content in fish. Consequently, for radiological protection of people, fishing is banned. However, it is possible to develop regulatory measures on the basis of SanPiN 2.6.1.2523-09 (NRB-99/2009) to avoid exceeding the limit of the annual intakes of Sr-90 from fish, based on the selection of species with low radionuclide content (such as pike) and limitations on the capture/consumption of fish.
The research outputs, linked to an understanding of the ecosystem of the Techa River, the location and network of control stations, observation periods, and the critical parameters analysed, allow the determination of reference levels of radiation exposure for protection of fish. The results of such studies can serve as a basis for the development of regulatory measures for radiological protection of natural ecosystems, and it is notable that, for the fish species considered, the dose rates at which effects were seen are below the corresponding DCRLs (1-10 mGy d À1 ). Consequently, it is necessary to consider the natural and/or confounding factors that may modify the effect of radiation, such as spawning and fish trypanosome invasion in fish.
Case Study 2 shows that appropriate research and site investigation can improve understanding of the possible effects of radionuclide release on wildlife. This, in turn, supports regulatory control, and also contributes to overall optimisation of the future management of the existing exposure situation in the area. However, while the critical factor appears to be the protection of people based on dose limits and constraints (or reference levels set at the same values), there are situations where the wildlife species may be impacted, as with Case Study 1. That said, in this example, the practical implementation of regulations relies on a distinction between existing and planned exposure situations, which is complicated in this case because some of the environmental radioactivity is the result of planned and authorised releases, and these continue as a result of continuing operations at Mayak PA nuclear complex.
CASE STUDY 3: MANAGEMENT OF LEGACY RADIOACTIVE WASTE
In Australia, the Little Forest Legacy Site (LFLS), formerly known as the 'Little Forest Burial Ground', was originally categorised as a nuclear waste disposal facility. The LFLS contains low-level radioactive waste and other waste buried in trenches during the 1960s when Australia was exploring nuclear energy. The site is currently fenced and controlled for access, and is used for research purposes into, for example, mitigation of radioactive materials in the environment. In the short term, it is believed that the current state of the facility will fulfil the fundamental safety objective to protect people and the environment. However, in the longer term, there is a need to bring this legacy site under more formal control and to codify strong management systems, in line with international best practice. To that end, the site has recently been subject to a facility licence application. Assessments of the potential impacts on people and wildlife have been used in the licence determination process. These assessments have applied the ICRP recommendations and the International Basic Safety Standards requirements for existing exposure situations.
The key findings in these assessments (using monitoring data) were that the exposure of people was well below the 1 mSv dose limit for members of the public, and therefore it was unnecessary to set reference values for this existing exposure situation. This may, however, be reconsidered based on a review of options for the final management of both the waste and the site. There were indications that the wildlife (particularly amphibians living in a nearby creek where the leachate from the trenches may be going, and acacia trees whose roots may grow into the trenches) could lead to potential dose exposures with potential biological effects. For the bulk of the wildlife species assessed, the dose rates predicted were below the relevant DCRLs. However, for the acacia tree and the frog larvae, they were around the relevant DCRL. In both cases, the assessment scenarios are considered to be worst case, the number of individuals potentially impacted was small, and the potential impacts on populations in the area are unlikely to be significant.
In this particular case, it is not possible from the assessments conducted to explore direct comparisons between people and wildlife exposures, partly because few humans use this area and those who do are working there. This results in an existing exposure situation where the exposure to wildlife, while currently not a concern from the viewpoint of environmental protection, may be a relevant component of strategies for long-term management. (2002) concluded that future international efforts are necessary on the issue of environmental restoration in order to resolve policy issues, such as those relating to criteria for the restoration of areas affected by radioactive residues. In addition, it was said that, in the case of the restoration of residual contamination resulting from unplanned events such as nuclear and radiation accidents, and from poorly controlled past practices, it was becoming evident that international guidance on the subject provided by ICRP and IAEA is controversial. The controversy was said to have arisen because of the difficulty, in some cases, of distinguishing between practices and intervention situations (from which the current ICRP system of exposure situations evolved), and because decisions on restoration are strongly influenced by other factors such as public opinion, and legal and political constraints.
LESSONS LEARNED

IAEA
At a more recent meeting on decommissioning and remediation after a nuclear accident (IAEA, 2013), it was recommended, concerning the application of reference levels and standards, that further international technical and practical guidance should be developed to support the existing international standards.
Since these views were made, ICRP has produced a number of reports on how environmental protection can be addressed, including derivation of the DCRLs and, in Publication 124 (ICRP, 2014) , how these DCRLs may be applied to the three potential exposure situations. However, the advice on both existing and emergency exposure situations remains limited. ICRP (2014) says that existing and emergency exposure situations need to be examined on a case-by-case basis. In both situations, DCRLs can be used as tools to inform decisions with regard to consequence management alternatives. DCRLs have been identified as dose-rate bands within which, if experienced or expected, one should stop and consider further what best to do in the context of justification and optimisation decisions.
Optimisation and selection of preferred alternatives largely depend upon local societal and economic factors, and have thus far focussed on the aspects affecting people. DCRLs are an effective tool for determining whether impacts on wildlife should be a factor within such an analysis: for example, if assessment results indicate dose rates within or above the range of DCRLs, as shown in the case studies presented. However, there are still key issues that need to be considered. For example, a key issue is the ability to define and justify the wildlife population(s) of interest. Without this definition, the relevant environmental concentrations of radionuclides cannot be determined, so no appropriate comparison with DCRLs can be made. This means, by definition, considering whether the individuals in the contaminated area are sufficient to be classed as a viable population, and whether there are individuals of the same species that are not impacted by radioactivity that could maintain a viable population.
Additionally, the selection of a population of interest, and how much it is worth protecting, is a value judgement. Such a judgement could be supported by a comprehensive understanding of present and likely future distributions of radionuclides in relevant environmental media, and how these may expose the wildlife of interest. The assessment of future radionuclide behaviour is particularly relevant to the typical long-lived radionuclides related to the existing exposure situations at legacy sites. In the case of existing exposure situations at legacy sites, the timescale for the assessment can be several decades or even longer, which requires assumptions to be made about the future nature of the ecosystem (e.g. allowing for environmental changes including changes induced by human activity). Similar technical assessment issues arise in the context of safety assessments for solid radioactive waste disposal, although, in this case, the exposures are considered as a subset of planned exposures (ICRP, 2007) . Assessments of the impacts on wildlife which address temporal and spatial averaging on long timescales have been considered in BIOPROTA (2015) for waste disposal facilities, and will have application when considering long-term aspects of existing exposure situations.
The sites and surrounding areas that present existing exposure situations due to past accidents and/or lack of regulatory control may also be contaminated as a result of planned activities due to ongoing operations at the site. This occurs in areas affected by releases from the Mayak PA nuclear complex. This complicates the application of the advice in ICRP (2014), as the advice to apply recommendations for existing situations is supposed to apply simultaneously in an area where there is also planned exposure. For example, the contamination does not indicate whether the current exposure is due to planned discharges or some previous accident.
Existing exposure situations typically arise at legacy sites where there are other pollution hazards, or, as in the case of NORM legacies, the uranium simultaneously presents a notable chemical hazard as well as a radiological hazard (Thorne and Wilson, 2015) . Herein, the most recent information available on the chemical toxicity and biokinetics of uranium could be used to propose new standards for limiting intakes of the element to people. The approach adopted by Thorne and Wilson (2015) allows coherent standards to be set for ingestion and inhalation of different chemical forms of the element by various age groups of humans. The same approach might also be applied to address assessment of the impacts on wildlife coherently, and thus allow the consideration of both chemical and radiological aspects.
It may be noted that no existing exposure situation concept is applied in the case of regulation of chemical contamination, although decisions on their resolution may take the existing circumstances into account.
For perspective, it might be noted that coherent regulation of multiple or mixed hazards has been recognised as a challenge for a long time. A joint document issued by Nordic regulatory authorities over 20 y ago noted that 'Threshold levels exist for the detrimental effects of some chemicals, but for others, the only prudent approach is the use of a non-threshold hypothesis, as is also the case with ionising radiation. Universally applicable hazard coefficients for both radioactive and non-radioactive wastes would be very valuable. Further exchange of information between the fields of nuclear and non-radioactive waste management would be desirable to harmonize safety principles and management practices.' Such objectives have now presented significant challenges, such as limited information on the genotoxic properties of various substances to allow such hazard indices to be defined for each substance. There is also the issue of the impact of multiple stressors, as illustrated in Alestro¨m (2013) .
This highlights that the radiological impact on wildlife at sites classified as existing exposure situations is just one of the many aspects that should be considered when decided on the appropriate level of control to apply. For example, the following aspects could all be considered (this list is not exhaustive):
. the spatial distribution of the radioactive materials;
. any temporal issues relating to the radionuclides of potential interest at a given site;
. the presence of chemical hazards sitting alongside radiological hazards;
. the need for comparatively long-term assessments;
. sometimes, it is more likely that wildlife is the receptor of interest than people;
. the justification of any changes in terms of benefits to both people and wildlife;
and . consideration of the consequences and impacts from understanding the current situation, and the potential consequences of controls put into place.
Overall, when considering how to manage existing exposure situations effectively, it is necessary to consider the benefits of control for people, which should (in terms of a radiological perspective) also benefit any wildlife present in the area affected. However, some management options (particularly with respect to cost and expediency) may actually lead to significant environmental damage (e.g. digging up and removing contaminated top soil which may contain a seed bank, or by using chemicals to clean the soil). Wherever possible, consideration of the aspects of environmental protection in the optimisation and decision-making process should allow us to 'do more good than harm' for both people and wildlife.
CONCLUSIONS
The results and discussion in this paper are hopefully a useful contribution to those needing to consider how to assess existing exposure situations, and to the work of ICRP Task Groups for preparing further guidance on the application of ICRP recommendations to the management of contaminated sites [e.g. Task Group 98 on sites contaminated due to past industrial, military, and nuclear activities (excluding accidents); and Task Group 93 on territories contaminated following nuclear or radiological accidents]. Challenges that still need to be addressed include the following.
. Explanation about why an existing exposure situation has to be controlled differently for past activities (Task Group 98) and accidents (Task Group 93), or the development of guidance that applies to all existing exposure situations, irrespective of the cause. . How to compare the radiological significance of radiation doses to different wildlife (including people) in different times and places. This will be necessary to use assessment results and DCRLs effectively within an optimisation programme. . What to do if your assessments suggest impacts above the DCRLs but there is no significant impact on people. . Development of clear and coherent international guidance on addressing multiple hazards typically present in existing exposure situations. . Explanation of the guidance developed to a wide range of different stakeholders.
